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Qi-Fang Lu¨,1, 2, ∗ Kai-Lei Wang,1, 2 Li-Ye Xiao,3 and Xian-Hui Zhong1,2, †
1Department of Physics, Hunan Normal University, and Key Laboratory of Low-Dimensional
Quantum Structures and Quantum Control of Ministry of Education, Changsha 410081, China
2Synergetic Innovation Center for Quantum Effects and Applications (SICQEA), Hunan Normal University, Changsha 410081, China
3School of Physics and State Key Laboratory of Nuclear Physics and Technology, Peking University, Beijing 100871, China
We study the mass spectra and radiative decays of doubly heavy baryons within the diquark picture in a
relativized quark model. The mass of the JP = 1/2+ Ξcc ground state is predicted to be 3606 MeV, which is
consistent with the mass of Ξ++cc (3621) newly observed by the LHCb collaboration. The predicted mass gap
between two S wave states, Ξ∗cc (J
P = 3/2+) and Ξcc (J
P = 1/2+), is 69 MeV. Furthermore, the radiative
transitions of doubly heavy baryons are also estimated by using the realistic wave functions obtained from
relativized quark model. The radiative decay widths of Ξ∗++cc → Ξ++cc γ and Ξ∗+cc → Ξ+ccγ are predicted to be about
7 and 4 keV, respectively. These predictions of doubly heavy baryons can provide helpful information for future
experimental searches.
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I. INTRODUCTION
The doubly heavy baryons, made up of two heavy quarks
and one light quark, are particularly interesting because they
provide a new platform for studying the heavy quark sym-
metry and chiral dynamics simultaneously [1–3]. To looking
for the doubly heavy baryons, great efforts were made in the
past two decades. In 2002, the SELEX collaboration reported
some evidence of a doubly charmed baryon Ξ+cc(3519) in the
Λ+c K
−pi+ final state, and confirmed it in the pD+K− decay
mode [4, 5]. However, Ξ+cc(3519) cannot be confirmed by the
FOCUS, BaBar, Belle and LHCb collaborations [6–9]. Very
recently, the LHCb collaboration observed a highly significant
structure with a mass of M ≃ 3621 MeV in the Λ+c K−pi+pi−
mass spectrum in the proton-proton collisions [10]. This
structure can be identified as a doubly charmed baryon (de-
noted byΞ++cc (3621)) from its weakly decaying behaviors. Due
to the large mass difference, the newly observed Ξ++cc (3621)
by the LHCb collaboration and Ξ+cc(3519) reported by the
SELEX collaboration can be hardly categorized as a isodou-
blet [10, 11].
In theory, the mass spectra of the doubly heavy baryons
have been predicted with various methods, such as the con-
stituent quark model [12–20], heavy quark symmetry and
mass formulas [21–24], Regge behaviors [25, 26], QCD sum
rule [27–32], lattice QCD [33–35] and so on. For the low-
est Ξcc state with J
P = 1/2+, the theoretical predicted masses
lie in a large range 3500 ∼ 3700 MeV, thus, both Ξ++cc (3621)
and Ξ+cc(3519) can be candidates of the ground Ξcc state with
JP = 1/2+. To clarify which one should be the lowest Ξcc
state, further investigations are needed. Besides the mass
spectra, the weak decays of the doubly heavy baryons are also
extensively discussed in the literature [36–43]. However, the
studies on the radiative decays are scarce, only several works
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focusing on the ground doubly heavy baryons are found in
the literature [44–49]. A comprehensive review on the doubly
heavy baryons can be found in Ref. [1].
Lately, stimulated by the newly observed state Ξ++cc (3621)
by the LHCb collaboration, several theoretical works were
performed. Using the QCD sum rule, Chen et al. investi-
gated the low-lying doubly charmed baryon spectra, which
suggests the newly observed Ξ++cc (3621) may be the ground
1/2+ state [50]. The masses and wave functions of ground
doubly charmed baryons were also restudied with the Cornell
potential [51]. The radiative transitions between the ground
doubly charmed baryons were investigated within the heavy
baryon chiral perturbation theory [52] and constituent quark
model with simple harmonic oscillator wave functions [53].
Furthermore, the magnetic moments, weak decays, and other
related topics are also discussed in the literature [54–63].
In this work, we use a relativized quark model to calculate
the mass spectra of doubly heavy baryons. The relativized
quark model, proposed by Godfrey, Capstick, and Isgur, has
been extensively used to study the properties of the conven-
tional hadrons and gives a unified description of the hadron
spectra [64–72]. Therefore, it is suitable to deal with the dou-
bly heavy baryons, where both heavy-heavy and heavy-light
systems are included. Moreover, the relativistic effects are
also involved in this model, which may be essential for the
light quarks. In Ref. [72], Capstick and Isgur adopted this
relativized quark model to estimate various baryon spectra,
however, they did not extend it to deal with the doubly heavy
baryon spectra. Given the similarity between the heavy di-
quark and heavy antiquark, the doubly heavy baryons looks
like heavy-light mesons in the diquark picture [13, 14, 73–
81]. Within the diquark picture, we first calculate the masses
and wave functions of the cc and bb diquarks. Then, the mass
spectra of the doubly heavy baryons and the diquark-quark
wave functions can be obtained by solving the Schro¨dinger-
type equation between the diquark and quark. Finally, the to-
tal wave function of a doubly heavy baryon can be expressed
as the diquark wave function multiplied by the diquark-quark
wave function. It should be pointed out that when we treat
2the diquark-quark interactions, the diquark size effects to the
potentials are also considered by introducing a form factor as
that adopted in Ref. [14]. Our predicted mass for the ground
doubly charmed baryon with JP = 1/2+ is 3606 MeV. It
suggests that the newly observed Ξ++cc (3621) state may be as-
signed as the JP = 1/2+ ground state.
Using the wave functions obtained from the relativized
quark model, we further study the radiative transitions of dou-
bly heavy baryons. In the calculations, we emplore an EM
transition operator which is extracted in the non-relativistic
constituent quark model and has been successfully applied
to the study of the radiative decays of cc¯ and bb¯ systems
[82, 83] and the heavy baryons [53, 84]. Due to the absence of
hadronic transitions for the low-lying states [53], these elec-
tromagnetic decays provide useful information of the inter-
nal structures. It is found that the partial decay widths for
Ξ∗++cc → Ξ++cc γ and Ξ∗+cc → Ξ+ccγ are predicted to be about 7
and 4 keV, respectively, which is quite significant and helpful
for future experimental searches.
This paper is organized as follows. The relativized quark
model is briefly introduced, and then the masses of the heavy
diquarks and doubly heavy baryons are presented in Sec. II.
The radiative decays of doubly heavy baryons are estimated
in Sec. III. A short summary is given in the last section.
TABLE I: The masses and relevant form factor parameters of the
cc and bb diquarks. The notation n2S+1LJ is used to stand for the
ground and excited diquarks. The brace corresponds to symmetric
quark content in flavor.
Quark
content
Diquark
type
Mass
(MeV)
ξ (GeV) ζ (GeV2)
{cc} 13S 1 3294 1.535 0.245
{cc} 11P1 3507 0.673 0.367
{cc} 23S 1 3603 0.714 0.123
{cc} 13D1 3667 0.429 0.299
{bb} 13S 1 9823 2.063 1.010
{bb} 11P1 10016 0.874 0.773
{bb} 23S 1 10088 0.879 0.298
{bb} 13D1 10144 0.547 0.532
II. MASS SPECTRA
The Hamiltonian between quark and antiquark in the rela-
tivized quark model can be expressed as
H˜ = H0 + V˜(p, r), (1)
H0 = (p
2 + m2i )
1/2 + (p2 + m2j)
1/2, (2)
V˜(p, r) = H˜
con f
i j
+ H˜conti j + H˜
ten
i j + H˜
so
i j , (3)
where the H˜
con f
i j
includes the spin-independent linear confine-
ment and Coulomb-like interaction, the H˜cont
i j
is the color con-
tact term, the H˜ten
i j
is the color tensor interaction, and H˜ so
i j
is
the spin-orbit term. p and r stand for the relative momen-
tum and coordinate between the quark and antiquark. H˜ de-
notes an operator that has taken account of the relativistic
effects according to the relativized procedure. The explicit
forms of these interactions and the details of this relativiza-
tion scheme can be found in Ref. [64, 72]. In the baryons, only
the 3¯ type diquarks in the color space exist, hence the relation
V˜qq(p, r) = V˜qq¯(p, r)/2 is employed. Since the original pa-
rameters of Ref. [72] can describe the low lying baryon spec-
tra well, we use the same parameters to investigate the doubly
heavy baryons. Moreover, for the two-body interaction con-
stant, c = −253 MeV is adopted as the same in Refs. [64, 72].
The structures of the doubly heavy baryons are illustrated
in Fig. 1, where the two heavy quarks are treated as a diquark
with a size. Here, the ρ-mode excitaion corresponds to the
internal excitation of the diquark, and the λ-mode excitation
stands for the diquark-quark excitation. When the cc and bb
diquarks locate in 1S wave, the spin-parities of the diquarks
are JP = 0+ and JP = 1+, named as the scalar diquarks and
axial diquarks, respectively. Constrained by the symmetry,
the scalar diquark cannot exist in the cc and bb systems. In
the doubly heavy baryons, the first excited state comes from
the diquark (ρ-mode excitation) rather than the light quark (λ-
mode excitation), so we have to discuss the excited diquarks
as well. Here, we only consider the 11P1, 2
3S 1, and 1
3D1
diquarks in the low lying baryons. We use the Gaussian ex-
pansion method to solve the Hamiltonian (1) with V˜qq(p, r)
potential [85]. The obtained masses of these diquarks are pre-
sented in Table. I. The form factors F(r) are introduced to
reflect the diquark sizes. The F(r)/r can be obtained from
the Fourier transforms of F(k2)/k2, and F(k2) can be taken
as [14]
F(k2) =
√
Ed Md
Ed + Md
[ ∫
d3p
(2pi)3
Ψ¯d(p+
2mQ2
Ed + Md
k)Ψd(p)+(1↔ 2)
]
,
(4)
where the Ed, Md, k, Ψd are the energy, mass, total momen-
tum, and wave function of the diquark, respectively. The form
factors can be further approximated by the following expres-
sion [14]
F(r) = 1 − e−ξr−ζr2 , (5)
where the ξ and ζ are the real numbers. The relevant param-
eters are calculated by using the obtained diquark wave func-
tions, and also listed in Table. I.
With the diquarks listed in Table. I, one can calculate the
masses of the doubly heavy baryons and the wave functions
between diquarks and quarks. Then, the total wave function
of the doubly heavy baryon can be expressed as the wave func-
tion of diquark (ρ mode) multiplied by the wave function of
diquark-quark (λ mode). The masses of ground states of the
doubly heavy baryons together with different calculations are
presented in Tab. II. The predicted mass of JP = 1/2+ Ξcc
ground state is 3606 MeV, which is consistent with the newly
observed Ξ++cc (3621) by the LHCb collaboration. This assign-
ment also agrees with many other works [14, 16, 34, 50, 51].
Our results indicate that the Ξ+cc(3519) reported by SELEX
collaboration may not be interpreted as the conventional Ξcc
3TABLE II: Masses of ground states of the doubly heavy baryons compared with different calculations. The units are in MeV.
Baryon Content JP Our work RQM [14] NQM [15] FH [21] NQM [16] LQCD [34]
Ξcc {cc}q 1/2+ 3606 3620 3478 3660 3676 3610
Ξ∗cc {cc}q 3/2+ 3675 3727 3610 3740 3753 3692
Ωcc {cc}s 1/2+ 3715 3778 3590 3740 3815 3738
Ω∗cc {cc}s 3/2+ 3772 3872 3690 3820 3876 3822
Ξbb {bb}q 1/2+ 10138 10202 10093 10340 10340 10143
Ξ∗
bb
{bb}q 3/2+ 10169 10237 10133 10370 10367 10178
Ωbb {bb}s 1/2+ 10230 10359 10180 10370 10454 10273
Ω∗
bb
{bb}s 3/2+ 10258 10389 10200 10400 10486 10308
Q
q
Q
Diquark
Ρ mode
Λ mode
FIG. 1: Doubly heavy baryon system with Jacobi coordinates defined
as ρ = 1√
2
(r1 − r2) and λ = 1√
6
(r1 + r2 − 2r3). Q and q stand for
the heavy quark and light quark, respectively.
state, and more experimental data are needed to clarify its na-
ture.
In the diquark picture, the {cc}q configuration is similar
to a heavy-light meson c¯q and b¯q, where the heavy diquark
acts as a heavy antiquark with size. Experimentally, the spin
splittings of the heavy-light mesons decrease when the heavy
quark mass increases. In our calculation, the axial cc diquark
mass lies between the masses of c and b quarks, hence the
S -wave mass gap should satisfy the relation
m(B∗) − m(B) ≤ m(Ξ∗cc) − m(Ξcc) ≤ m(D∗) − m(D). (6)
Our predicted mass of Ξ∗cc is 3675 MeV, and the mass gap be-
tween the two S -wave Ξcc states is about 69 MeV. Although
all the predictions in the Tab. II satisfy the above relation, the
mass gaps from different models vary from 69 to 132 MeV. It
should be pointed out that the nonrelativistic potential model
gives rather small masses for the ground states [15]. These
divergences may help to test different models in future exper-
iments.
Furthermore, our predicted mass spectra of Ξcc, Ωcc, Ξbb,
and Ωbb are given in Tab. III, and the Ξcc spectra together
with the experimental data are also shown in Fig. 2. In this
work, we adopt the notation (NdLdnqlq)J
P to stand for the
doubly heavy baryon states, where Nd, Ld, nq, and lq corre-
spond to the quantum numbers of the diquark internal radial
excitation, diquark internal orbital excitation, light quark ra-
dial excitation and light quark orbital excitation, respectively.
For the (1S 1p)1/2− and (1S 1p)3/2− states, the additional to-
tal spin S T is introduced to distinguish the spin singlet and
triplet. From Tab. III, we can see that the P-wave diquark ex-
citations are the lowest excited states, while the 2S diqaurk,
1D diqaurk, and P-wave light quark excitations lie in the same
energy region. It should be emphasized that for the doubly
heavy baryons, the heavy diquark is more easily excited due
to the its larger reduced mass, however, for the singly heavy
baryons, the light diquark is more difficultly excited due to its
small reduced mass, and the excitation mainly exists between
the heavy quark and light diquark.
TABLE III: Predicted mass spectra of Ξcc, Ωcc, Ξbb, and Ωbb. The
units are in MeV.
(NdLdnqlq)J
P Ξcc Ωcc Ξbb Ωbb
(1S 1s)1/2+ 3606 3715 10138 10230
(1S 1s)3/2+ 3675 3772 10169 10258
(1S 1p)1/2− S T=1/2 3998 4087 10525 10605
(1S 1p)3/2− S T=1/2 4014 4107 10526 10610
(1S 1p)1/2− S T=3/2 3985 4081 10504 10591
(1S 1p)3/2− S T=3/2 4025 4114 10528 10611
(1S 1p)5/2− 4050 4134 10547 10625
(1S 2s)1/2+ 4172 4270 10662 10751
(1S 2s)3/2+ 4193 4288 10675 10763
(1P1s)1/2− 3873 3986 10364 10464
(1P1s)3/2− 3916 4020 10387 10482
(2S 1s)1/2+ 4004 4118 10464 10566
(2S 1s)3/2+ 4036 4142 10480 10579
(1D1s)1/2+ 4071 4186 10522 10625
(1D1s)3/2+ 4100 4207 10538 10638
III. RADIATIVE TRANSITIONS
Besides the mass spectra, the decay behaviors are also
needed to search for these doubly heavy baryons in experi-
ments. Due to the suppression of phase space of hadronic
transitions, the radiative transitions should play essential roles
in the decays of the low-lying doubly heavy baryons. To treat
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FIG. 2: The predicted mass spectra of the Ξcc baryons.
one-photon radiative decay of a hadron we apply an EM tran-
sition operator which has been successfully applied to study
the radiative decays of cc¯ and bb¯ systems [82, 83] and Ωc
baryons [84]. In this model, the quark-photon EM coupling
at the tree level is adopted as
He = −
∑
j
e jψ¯ jγ
j
µA
µ(k, r j)ψ j, (7)
where ψ j stands for the jth quark field with coordinate r j and
Aµ is the photon field with three-momentum k. To match the
wave functions obtained by the Schro¨dinger-type equation,
we adopt the quark-photon EM couplings in a nonrelativis-
tic form. In the initial-hadron-rest system, the approximate
form can be written as [82, 83, 86–91]
he 
∑
j
[
e jr j · ǫ −
e j
2m j
σ j · (ǫ × kˆ)
]
e−ik·r j , (8)
where e j, m j, and σ j stand for the charge, consistent mass,
Pauli spin vector for the jth quark, respectively. The ǫ is the
polarization vector of the final photon.
One can obtain the standard helicity amplitude A of the
radiative process [82, 83]
A = −i
√
ωγ
2
〈 f |he|i〉. (9)
Then, we can estimate the radiative transitions straightfor-
ward [82, 83]
Γ =
|k|2
pi
2
2Ji + 1
M f
Mi
∑
J f z,Jiz
|A|2, (10)
where Ji is the total angular momentum of the initial baryons,
and J f z and J f i are the components of the total angular mo-
menta along the z axis of the initial and final baryons, respec-
tively. In present calculation, the masses and wave functions
of doubly heavy baryons are adopted from our theoretical pre-
dictions.
The radiative transitions between the JP = 3/2+ and JP =
1/2+ ground doubly charmed and bottom baryons are pre-
dicted, and the results together with different calculations are
listed in Tab. IV. For the JP = 1/2+ ground state, only weak
decays can occur. Since the strong decays are forbidden,
the electromagnetic transitions dominate for the JP = 3/2+
ground state. The theoretical radiative decay widths for the
Ξ∗++cc → Ξ++cc γ and Ξ∗+cc → Ξ+ccγ transitions are
Γ[Ξ∗++cc → Ξ++cc γ] = 7.21 keV, (11)
Γ[Ξ∗+cc → Ξ+ccγ] = 3.90 keV, (12)
respectively, which are roughly compatible with the quark
model predictions [44], simple harmonic oscillator [53], the
bag model [45, 46], and chiral perturbation theory calcula-
tions [52] in magnitude. However, the partial width ratio
Γ[Ξ∗++cc → Ξ++cc γ]
Γ[Ξ∗+cc → Ξ+ccγ]
= 1.85, (13)
predicted by us shows special feature compared to other
works [44–46, 52, 53]. More studies of the radiative de-
cay processes Ξ∗++cc → Ξ++cc γ and Ξ∗+cc → Ξ+ccγ are needed
in the future. Since the LHCb collaboration has observed
Ξ++cc in the Λ
+
c K
−pi+pi− mass spectrum, the large decay rate
of Ξ∗++cc → Ξ++cc γ indicates that they may establish Ξ∗++cc in
the Λ+c K
−pi+pi−γ final state via the decay chain of Ξ∗++cc →
Ξ++cc γ → Λ+c K−pi+pi−γ. The radiative partial decay widths of
Ω∗cc → Ωccγ, Ξ∗0bb → Ξ0bbγ, Ξ∗−bb → Ξ−bbγ, and Ω∗bb → Ωbbγ are
sensitive to the masses of the initial and final states. In present
work, we predict sizeable partial decay widths for these pro-
cesses. These information should be helpful for searching for
the missing JP = 3/2+ ground states in future experiments.
The radiative decays of the low-lying excited doubly heavy
baryons are studied as well. Our results are listed in Tab. V. It
is found that for the (1P1s) → (1S 1s)γ, (1D1s) → (1P1s)γ,
and (2S 1s) → (1P1s)γ transitions, the partial radiative decay
widths of doubly charmed baryons range from several ten to
hundred eV, while the decays of doubly bottom baryons ap-
proximate vanish. It should be mentioned that the pionic or
kaonic strong decays for (1P1s), (1D1s) and (2S 1s) contain-
ing diquark excitations are forbidden due to the orthogonality
of the diquark wave functions. Hence, the (1P1s), (1D1s) and
(2S 1s) doubly heavy baryons should be very narrow states,
and their radiative transitions should play an important role
in their decays. These radiative transitions may be useful for
looking for the missing (1P1s), (1D1s) and (2S 1s) doubly
charmed states. Furthermore, it is found that most of the tran-
sitions (1S 1p) → (1S 1s)γ have large partial decay widths,
which can reach up to several hundred keV. However, the ra-
diative decay rates of (1S 1p) → (1S 1s)γ may be seriously
suppressed by the large decay widths of (1S 1p), because the
decays of (1S 1p) are dominated by the strong decay modes.
About the radiative transitions of the excited doubly heavy
baryons, few discussions are found in the literature, thus, more
studies are expected to be carried out in future.
5TABLE IV: Radiatvie decay widths between the JP = 3/2+ and JP = 1/2+ ground doubly charmed and bottom baryons. The units are in keV.
Transition Our work RQM[44] SHO[53] BG[45] BG[46] CPT[52]
Ξ∗++cc → Ξ++cc γ 7.21 23.46 16.7 4.35 1.43 22.0
Ξ∗+cc → Ξ+ccγ 3.90 28.79 14.6 3.96 2.08 9.57
Ω∗cc → Ωccγ 0.82 2.11 6.93 1.35 0.95 9.45
Ξ∗0
bb
→ Ξ0
bb
γ 0.98 0.31 1.19 · · · · · · · · ·
Ξ∗−
bb
→ Ξ−
bb
γ 0.21 0.06 0.24 · · · · · · · · ·
Ω∗
bb
→ Ωbbγ 0.04 0.02 0.08 · · · · · · · · ·
TABLE V: Partial decay widths of the radiative transitions of low-lying excited Ξ++cc , Ξ
+
cc, Ωcc, Ξ
0
bb
, Ξ−
bb
, and Ωbb states. The units are in keV.
Transition Ξ++cc Ξ
+
cc Ωcc Ξ
0
bb
Ξ−
bb
Ωbb
|(1P1s)1/2−〉 → |(1S 1s)1/2+〉γ 0.85 0.85 0.90 ∼0 ∼0 ∼0
|(1P1s)3/2−〉 → |(1S 1s)1/2+〉γ 1.73 1.73 1.57 0.01 0.01 0.01
|(1P1s)1/2−〉 → |(1S 1s)3/2+〉γ 0.39 0.39 0.57 ∼0 ∼0 ∼0
|(1P1s)3/2−〉 → |(1S 1s)3/2+〉γ 1.03 1.03 1.16 0.01 0.01 0.01
|(1D1s)1/2+〉 → |(1P1s)1/2−〉γ 0.22 0.22 0.22 ∼0 ∼0 ∼0
|(1D1s)1/2+〉 → |(1P1s)3/2−〉γ 0.04 0.04 0.05 ∼0 ∼0 ∼0
|(1D1s)3/2+〉 → |(1P1s)3/2−〉γ 0.12 0.12 0.11 ∼0 ∼0 ∼0
|(1D1s)3/2+〉 → |(1P1s)3/2−〉γ 0.20 0.20 0.22 ∼0 ∼0 ∼0
|(2S 1s)1/2+〉 → |(1P1s)1/2−〉γ 0.03 0.03 0.03 ∼0 ∼0 ∼0
|(2S 1s)1/2+〉 → |(1P1s)3/2−〉γ 0.01 0.01 0.02 ∼0 ∼0 ∼0
|(2S 1s)3/2+〉 → |(1P1s)1/2−〉γ 0.15 0.15 0.12 ∼0 ∼0 ∼0
|(2S 1s)3/2+〉 → |(1P1s)3/2−〉γ 0.17 0.17 0.14 ∼0 ∼0 ∼0
|(1S 2s)1/2+〉 → |(1P1s)1/2−〉γ ∼ 0 ∼ 0 ∼0 ∼0 ∼0 ∼0
|(1S 2s)1/2+〉 → |(1P1s)3/2−〉γ ∼ 0 ∼ 0 ∼ 0 ∼0 ∼0 ∼0
|(1S 2s)3/2+〉 → |(1P1s)1/2−〉γ 0.05 0.05 0.01 ∼0 ∼0 ∼0
|(1S 2s)3/2+〉 → |(1P1s)3/2−〉γ 0.41 0.41 0.35 0.01 0.01 0.01
|(1S 1p)1/2− S T=1/2〉 → |(1S 1s)1/2+〉γ 171.99 142.88 192.71 296.48 59.95 56.07
|(1S 1p)3/2− S T=1/2〉 → |(1S 1s)1/2+〉γ 430.75 233.47 237.88 531.16 114.51 79.32
|(1S 1p)1/2− S T=3/2〉 → |(1S 1s)1/2+〉γ 27.66 6.21 0.93 20.66 5.20 1.12
|(1S 1p)3/2− S T=3/2〉 → |(1S 1s)1/2+〉γ 126.26 28.36 4.01 78.89 19.84 4.06
|(1S 1p)5/2−〉 → |(1S 1s)1/2+〉γ 105.45 23.69 3.26 63.15 15.88 3.10
|(1S 1p)1/2− S T=1/2〉 → |(1S 1s)3/2+〉γ 56.29 12.62 1.97 77.15 19.41 3.96
|(1S 1p)3/2− S T=1/2〉 → |(1S 1s)3/2+〉γ 71.96 16.14 2.67 77.86 19.58 4.20
|(1S 1p)1/2− S T=3/2〉 → |(1S 1s)3/2+〉γ 403.02 200.88 183.53 635.96 141.35 82.56
|(1S 1p)3/2− S T=3/2〉 → |(1S 1s)3/2+〉γ 394.72 213.04 207.93 554.59 121.00 77.43
|(1S 1p)5/2−〉 → |(1S 1s)3/2+〉γ 31.30 31.77 65.55 61.85 11.70 18.23
|(1S 2s)1/2+〉 → |(1S 1p)1/2− S T=1/2〉γ 46.42 17.78 24.00 30.99 7.13 6.46
|(1S 2s)1/2+〉 → |(1S 1p)3/2− S T=1/2〉γ 38.46 28.60 41.96 44.78 9.32 9.05
|(1S 2s)1/2+〉 → |(1S 1p)1/2− S T=3/2〉γ 3.09 0.33 0.04 0.99 0.28 0.08
|(1S 2s)1/2+〉 → |(1S 1p)3/2− S T=3/2〉γ 6.27 0.66 0.09 2.82 0.80 0.27
|(1S 2s)1/2+〉 → |(1S 1p)5/2−〉γ 0.34 0.31 0.05 1.51 0.43 0.17
|(1S 2s)3/2+〉 → |(1S 1p)1/2− S T=1/2〉γ 11.29 1.19 0.16 2.77 0.79 0.27
|(1S 2s)3/2+〉 → |(1S 1p)3/2− S T=1/2〉γ 8.72 0.92 0.11 2.99 0.85 0.27
|(1S 2s)3/2+〉 → |(1S 1p)1/2− S T=3/2〉γ 6.10 2.99 8.06 7.65 1.72 2.31
|(1S 2s)3/2+〉 → |(1S 1p)3/2− S T=3/2〉γ 20.16 11.87 18.83 22.54 4.88 4.93
|(1S 2s)3/2+〉 → |(1S 1p)5/2−〉γ 42.03 27.90 36.39 46.55 9.84 8.62
IV. SUMMARY
In this work, we study the mass spectra and radiative de-
cays of doubly heavy baryons within the diquark picture in
a relativized quark model. The diquark masses and wave
functions are calculated from the relativized quark potential,
and the doubly heavy baryon spectra are obtained by solv-
ing the Schro¨dinger-type equation between the diquark and
6quark. The effects of the diquark sizes are considered by in-
troducing the form factors. Besides the ground doubly heavy
baryons, the masses for the low-lying excited doubly charmed
and bottom baryons are given. The theoretical mass of the
ground state Ξcc (J
P = 1/2+), 3606 MeV, is consistent with
the mass of the newly observed Ξ++cc (3621) by the LHCb col-
laboration. The predicted mass gap m(Ξ∗cc) − m(Ξcc) is about
69 MeV, which is waited to be tested in future experiments.
Furthermore, using the realistic wave functions obtained from
the relativized quark model and the quark-photon couplings,
we evaluate the radiative transitions between these states. It
is interesting to find that the (1P1s), (1D1s) and (2S 1s) dou-
bly charmed baryons containing diquark excitations should be
very narrow states with a width of several ten to hundred eV,
the decays of these states should be dominated by the radiative
transitions due to the absence of the strong decay modes. The
radiative decay width of Ξ∗++cc → Ξ++cc γ and Ξ∗+cc → Ξ+ccγ are
quite significant, which are up to about 7 and 4 keV, respec-
tively. We hope these theoretical predictions of doubly heavy
baryons should be helpful for future experimental exploration.
ACKNOWLEDGEMENTS
We would like to thank Yu-Bing Dong and Qiang Zhao for
valuable discussions. This project is supported by the Na-
tional Natural Science Foundation of China under Grants No.
11705056 and No. 11375061.
[1] H. X. Chen, W. Chen, X. Liu, Y. R. Liu and S. L. Zhu, A review
of the open charm and open bottom systems, Rept. Prog. Phys.
80, 076201 (2017).
[2] J. M. Richard, The Nonrelativistic three-body problem for
baryons, Phys. Rept. 212, 1 (1992).
[3] E. Klempt and J. M. Richard, Baryon spectroscopy, Rev. Mod.
Phys. 82, 1095 (2010).
[4] M. Mattson et al. (SELEX Collaboration), First observation of
the doubly charmed baryon Ξ+cc, Phys. Rev. Lett. 89, 112001
(2002).
[5] A. Ocherashvili et al. (SELEX Collaboration), Confirmation of
the double charm baryon Ξ+cc(3520) via its decay to pD
+K−,
Phys. Lett. B 628, 18 (2005).
[6] S. P. Ratti, New results on c-baryons and a search for cc-baryons
in FOCUS, Nucl. Phys. Proc. Suppl. 115, 33 (2003).
[7] B. Aubert et al. (BaBar Collaboration), Search for doubly
charmed baryons Ξ+cc and Ξ
++
cc in BABAR, Phys. Rev. D 74,
011103 (2006).
[8] R. Chistov et al. (Belle Collaboration), Observation of new
states decaying into Λ+c K
−pi+ and Λ+c K
0
S
pi−, Phys. Rev. Lett. 97,
162001 (2006).
[9] R. Aaij et al. (LHCb Collaboration), Search for the doubly
charmed baryon Ξ+cc, JHEP 1312, 090 (2013).
[10] R. Aaij et al. (LHCb Collaboration), Observation of the doubly
charmed baryon Ξ++cc , arXiv:1707.01621.
[11] M. Karliner and J. L. Rosner, Isospin splittings in baryons with
two heavy quarks, arXiv:1706.06961.
[12] V. V. Kiselev and A. K. Likhoded, Baryons with two heavy
quarks, Phys. Usp. 45, 455 (2002).
[13] D. Ebert, R. N. Faustov, V. O. Galkin, A. P. Martynenko and
V. A. Saleev, Heavy baryons in the relativistic quark model, Z.
Phys. C 76, 111 (1997).
[14] D. Ebert, R. N. Faustov, V. O. Galkin and A. P. Martynenko,
Mass spectra of doubly heavy baryons in the relativistic quark
model, Phys. Rev. D 66, 014008 (2002).
[15] S. S. Gershtein, V. V. Kiselev, A. K. Likhoded and A. I. On-
ishchenko, Spectroscopy of doubly heavy baryons, Phys. Rev.
D 62, 054021 (2000).
[16] W. Roberts and M. Pervin, Heavy baryons in a quark model,
Int. J. Mod. Phys. A 23, 2817 (2008).
[17] F. Giannuzzi, Doubly heavy baryons in a Salpeter model with
AdS/QCD inspired potential, Phys. Rev. D 79, 094002 (2009).
[18] A. P. Martynenko, Ground-state triply and doubly heavy
baryons in a relativistic three-quark model, Phys. Lett. B 663,
317 (2008).
[19] A. Valcarce, H. Garcilazo and J. Vijande, Towards an under-
standing of heavy baryon spectroscopy, Eur. Phys. J. A 37, 217
(2008).
[20] Z. Shah and A. K. Rai, Excited state mass spectra of doubly
heavy Ξ baryons, Eur. Phys. J. C 77, 129 (2017).
[21] R. Roncaglia, D. B. Lichtenberg and E. Predazzi, Predicting the
masses of baryons containing one or two heavy quarks, Phys.
Rev. D 52, 1722 (1995).
[22] T. D. Cohen and P. M. Hohler, Doubly heavy hadrons and the
domain of validity of doubly heavy diquark-anti-quark symme-
try, Phys. Rev. D 74, 094003 (2006).
[23] B. Eakins andW. Roberts, Symmetries and Systematics of Dou-
bly Heavy Hadrons, Int. J. Mod. Phys. A 27, 1250039 (2012).
[24] M. Karliner and J. L. Rosner, Baryons with two heavy quarks:
Masses, production, decays, and detection, Phys. Rev. D 90,
094007 (2014).
[25] K. W.Wei, B. Chen and X. H. Guo, Masses of doubly and triply
charmed baryons, Phys. Rev. D 92, 076008 (2015).
[26] K. W. Wei, B. Chen, N. Liu, Q. Q. Wang and X. H. Guo, Spec-
troscopy of singly, doubly, and triply bottom baryons, Phys.
Rev. D 95, no. 11, 116005 (2017).
[27] J. R. Zhang and M. Q. Huang, Doubly heavy baryons in QCD
sum rules, Phys. Rev. D 78, 094007 (2008).
[28] L. Tang, X. H. Yuan, C. F. Qiao and X. Q. Li, Study of Doubly
Heavy Baryon Spectrum via QCD SumRules, Commun. Theor.
Phys. 57, 435 (2012).
[29] Z. G. Wang, Analysis of the 1
2
+
doubly heavy baryon states with
QCD sum rules, Eur. Phys. J. A 45, 267 (2010).
[30] T. M. Aliev, K. Azizi and M. Savci, Doubly Heavy Spin-1/2
Baryon Spectrum in QCD, Nucl. Phys. A 895, 59 (2012).
[31] T. M. Aliev, K. Azizi and M. Savci, Mixing angle of doubly
heavy baryons in QCD, Phys. Lett. B 715, 149 (2012).
[32] T. M. Aliev, K. Azizi and M. Savci, The masses and residues of
doubly heavy spin-3/2 baryons, J. Phys. G 40, 065003 (2013).
[33] L. Liu, H. W. Lin, K. Orginos and A. Walker-Loud, Singly and
Doubly Charmed J=1/2 Baryon Spectrum from Lattice QCD,
Phys. Rev. D 81, 094505 (2010).
[34] Z. S. Brown, W. Detmold, S. Meinel and K. Orginos, Charmed
bottom baryon spectroscopy from lattice QCD, Phys. Rev. D
90, 094507 (2014).
[35] M. Padmanath, R. G. Edwards, N. Mathur and M. Peardon,
Spectroscopy of doubly-charmed baryons from lattice QCD,
Phys. Rev. D 91, 094502 (2015).
7[36] A. Faessler, T. Gutsche, M. A. Ivanov, J. G. Korner and
V. E. Lyubovitskij, Semileptonic decays of double heavy
baryons, Phys. Lett. B 518, 55 (2001).
[37] A. Faessler, T. Gutsche, M. A. Ivanov, J. G. Korner and
V. E. Lyubovitskij, Semileptonic decays of double heavy
baryons in a relativistic constituent three-quark model, Phys.
Rev. D 80, 034025 (2009).
[38] C. Albertus, E. Hernandez and J. Nieves, Hyperfine mixing in
b → c semileptonic decay of doubly heavy baryons, Phys. Lett.
B 683, 21 (2010).
[39] M. J. White and M. J. Savage, Semileptonic decay of baryons
with two heavy quarks, Phys. Lett. B 271, 410 (1991).
[40] R. H. Li, C. D. Lu¨, W. Wang, F. S. Yu and Z. T. Zou,
Doubly-heavy baryon weak decays: Ξ0
bc
→ pK− and Ξ+cc →
Σ++c (2520)K
−, Phys. Lett. B 767, 232 (2017).
[41] F. S. Yu, H. Y. Jiang, R. H. Li, C. D. L, W. Wang and
Z. X. Zhao, Discovery Potentials of Doubly Charmed Baryons,
arXiv:1703.09086.
[42] D. Ebert, R. N. Faustov, V. O. Galkin and A. P. Martynenko,
Semileptonic decays of doubly heavy baryons in the relativistic
quark model, Phys. Rev. D 70, 014018 (2004); Erratum: [Phys.
Rev. D 77, 079903 (2008)].
[43] W. Roberts and M. Pervin, Hyperfine Mixing and the Semilep-
tonic Decays of Double-Heavy Baryons in a Quark Model, Int.
J. Mod. Phys. A 24, 2401 (2009).
[44] T. Branz, A. Faessler, T. Gutsche, M. A. Ivanov, J. G. Korner,
V. E. Lyubovitskij and B. Oexl, Radiative decays of double
heavy baryons in a relativistic constituent three-quark model
including hyperfine mixing, Phys. Rev. D 81, 114036 (2010).
[45] R. H. Hackman, N. G. Deshpande, D. A. Dicus and
V. L. Teplitz, M1 Transitions in the MIT Bag Model, Phys. Rev.
D 18, 2537 (1978).
[46] A. Bernotas and V. Sˇimonis, Radiative M1 transitions of heavy
baryons in the bag model, Phys. Rev. D 87, 074016 (2013).
[47] W. S. Dai, X. H. Guo, H. Y. Jin and X. Q. Li, Electromagnetic
radiation of baryons containing two heavy quarks, Phys. Rev. D
62, 114026 (2000).
[48] C. Albertus, E. Hernandez and J. Nieves, Hyperfine mixing in
electromagnetic decay of doubly heavy bc baryons, Phys. Lett.
B 690, 265 (2010).
[49] J. Hu and T. Mehen, Chiral Lagrangian with heavy quark-
diquark symmetry, Phys. Rev. D 73, 054003 (2006).
[50] H. X. Chen, Q. Mao, W. Chen, X. Liu and S. L. Zhu, Establish-
ing low-lying doubly charmed baryons, arXiv:1707.01779.
[51] B. O. Kerbikov, Doubly charmed baryon: an old prediction fac-
ing the LHCb observation, arXiv:1707.04031.
[52] H. S. Li, L. Meng, Z. W. Liu and S. L. Zhu, Radiative decays
of the doubly charmed baryons in chiral perturbation theory,
arXiv:1708.03620.
[53] L. Y. Xiao, K. L. Wang, Q. F. Lu¨, X. H. Zhong and S. L. Zhu,
Strong and radiative decays of the doubly charmed baryons,
arXiv:1708.04384.
[54] H. S. Li, L. Meng, Z. W. Liu and S. L. Zhu, Mag-
netic moments of the doubly charmed and bottomed baryons,
arXiv:1707.02765.
[55] W. Wang, F. S. Yu and Z. X. Zhao, Weak Decays of Doubly
Heavy Baryons: the 1/2 → 1/2 case, arXiv:1707.02834.
[56] W. Wang, Z. P. Xing and J. Xu, Weak Decays of Doubly Heavy
Baryons: SU(3) Analysis, arXiv:1707.06570.
[57] L. Meng, N. Li and S. L. Zhu, Possible hadronic molecules
composed of the doubly charmed baryon and nucleon,
arXiv:1707.03598.
[58] M. Karliner and J. L. Rosner, Discovery of doubly-charmed Ξcc
baryon implies a stable bbu¯d¯ tetraquark,” arXiv:1707.07666.
[59] E. J. Eichten and C. Quigg, Heavy-quark symmetry implies sta-
ble heavy tetraquark mesons QiQ jq¯kq¯l, arXiv:1707.09575.
[60] N. Brambilla, G. Krein, J. Tarrs Castell and A. Vairo, The Born-
Oppenheimer approximation in an effective field theory lan-
guage, arXiv:1707.09647.
[61] T. Gutsche, M. A. Ivanov, J. G. Ko¨rner and V. E. Lyubovitskij,
Decay chain information on the newly discovered double charm
baryon state Ξ++cc , arXiv:1708.00703.
[62] M. Karliner and J. L. Rosner, Quark-level analogue of nuclear
fusion with doubly-heavy baryons, arXiv:1708.02547.
[63] Z. H. Guo, Prediction of exotic doubly charmed baryons within
chiral effective field theory, arXiv:1708.04145.
[64] S. Godfrey and N. Isgur, Mesons in a Relativized Quark Model
with Chromodynamics, Phys. Rev. D 32, 189 (1985).
[65] S. Godfrey and J. Napolitano, Light meson spectroscopy, Rev.
Mod. Phys. 71, 1411 (1999).
[66] S. Godfrey and K. Moats, Bottomonium Mesons and Strategies
for their Observation, Phys. Rev. D 92, 054034 (2015).
[67] J. Ferretti, G. Galata` and E. Santopinto, Interpretation of the
X(3872) as a charmonium state plus an extra component due to
the coupling to the meson-meson continuum, Phys. Rev. C 88,
015207 (2013).
[68] J. Ferretti and E. Santopinto, Higher mass bottomonia, Phys.
Rev. D 90, 094022 (2014).
[69] Q. F. Lu¨ and D. M. Li, Understanding the charmed states re-
cently observed by the LHCb and BaBar Collaborations in the
quark model, Phys. Rev. D 90, 054024 (2014).
[70] S. Godfrey and K. Moats, Properties of Excited Charm and
Charm-Strange Mesons, Phys. Rev. D 93, 034035 (2016).
[71] Q. T. Song, D. Y. Chen, X. Liu and T. Matsuki, Charmed-
strange mesons revisited: mass spectra and strong decays, Phys.
Rev. D 91, 054031 (2015).
[72] S. Capstick and N. Isgur, Baryons in a Relativized Quark Model
with Chromodynamics, Phys. Rev. D 34, 2809 (1986).
[73] D. Ebert, R. N. Faustov, V. O. Galkin and W. Lucha, Masses
of tetraquarks with two heavy quarks in the relativistic quark
model, Phys. Rev. D 76, 114015 (2007).
[74] D. Ebert, R. N. Faustov and V. O. Galkin, Excited heavy
tetraquarks with hidden charm, Eur. Phys. J. C 58, 399 (2008).
[75] D. Ebert, R. N. Faustov and V. O. Galkin, Masses of tetraquarks
with open charm and bottom, Phys. Lett. B 696, 241 (2011)
[76] M. Monemzadeh, N. Tazimi and P. Sadeghi, Tetraquarks as
diquark-antidiquark bound systems, Phys. Lett. B 741, 124
(2015).
[77] M. R. Hadizadeh and A. Khaledi-Nasab, Heavy tetraquarks in
the diquark-antidiquark picture, Phys. Lett. B 753, 8 (2016).
[78] J. Ferretti, A. Vassallo and E. Santopinto, Relativistic quark-
diquark model of baryons, Phys. Rev. C 83, 065204 (2011).
[79] E. Santopinto and J. Ferretti, Strange and nonstrange baryon
spectra in the relativistic interacting quark-diquark model with
a Grsey and Radicati-inspired exchange interaction, Phys. Rev.
C 92, 025202 (2015).
[80] Q. F. Lu¨ and Y. B. Dong, X(4140), X(4274), X(4500), and
X(4700) in the relativized quark model, Phys. Rev. D 94,
074007 (2016).
[81] Q. F. Lu¨ and Y. B. Dong, Masses of open charm and bottom
tetraquark states in a relativized quark model, Phys. Rev. D 94,
094041 (2016).
[82] W. J. Deng, H. Liu, L. C. Gui and X. H. Zhong, Charmonium
spectrum and their electromagnetic transitions with higher mul-
tipole contributions, Phys. Rev. D 95, 034026 (2017).
[83] W. J. Deng, H. Liu, L. C. Gui and X. H. Zhong, Spectrum and
electromagnetic transitions of bottomonium, Phys. Rev. D 95,
074002 (2017).
8[84] K. L. Wang, L. Y. Xiao, X. H. Zhong and Q. Zhao, Understand-
ing the newly observed Ωc states through their decays, Phys.
Rev. D 95, 116010 (2017).
[85] E. Hiyama, Y. Kino and M. Kamimura, Gaussian expansion
method for few-body systems, Prog. Part. Nucl. Phys. 51, 223
(2003).
[86] S. J. Brodsky and J. R. Primack, The Electromagnetic Inter-
actions of Composite Systems, Annals Phys. (N.Y.) 52, 315
(1969).
[87] Z. P. Li, H. X. Ye and M. H. Lu, A unified approach to pseu-
doscalar meson photoproductions off nucleons in the quark
model, Phys. Rev. C 56, 1099 (1997).
[88] Q. Zhao, J. S. Al-Khalili, Z. P. Li and R. L. Workman, Pion
photoproduction on the nucleon in the quark model, Phys. Rev.
C 65, 065204 (2002).
[89] L. Y. Xiao, X. Cao and X. H. Zhong, Neutral pion photopro-
duction on the nucleon in a chiral quark model, Phys. Rev. C
92, 035202 (2015).
[90] X. H. Zhong and Q. Zhao, η photoproduction on the quasi-free
nucleons in the chiral quark model, Phys. Rev. C 84, 045207
(2011).
[91] X. H. Zhong and Q. Zhao, η′ photoproduction on the nucleons
in the quark model, Phys. Rev. C 84, 065204 (2011).
